A high performance hysteresis current control of a permanent magnet synchronous motor (PMSM) drive is developed in this paper. The core advantage of field orientation control (FOC) is utilized to separate the flux and torque control components of the stator current of the PMSM. Specifically, the objectives of this work are to develop and utilize the HCC algorithm for FOC of a complete closed-loop speed-controlled PMSM drive system, optimize the control algorithm to obtain fast speed response while maintaining effective current and torque tracking, and examine the hysteresis current control action clearly showing the inverter switching and the effects of hysteresis band selection. Being a speed-controlled system, the suitability of the developed model with constant, step, and ramp reference speed inputs is examined. The results obtained show that the developed model and algorithm based on hysteresis current control offer effective current and torque in all scenarios tested.
Introduction
Since torque can be made proportional to current either in the stationary or rotor reference frames and control of current gives control of speed and position, control of AC drives is exercised through current control. To achieve high performance from servo drives, current control strategies are employed to ensure that the actual currents flowing into the motor are as close as possible to the sinusoidal references using hysteresis current control (HCC). When compared to other current control strategies, HCC offers a great advantage by eliminating feedback loop compensation [1, 2] . The problems of poor load transient response and regulator inaccuracy have, however, consistently necessitated further research efforts to achieve optimal drive performances.
The permanent magnet synchronous motor (PMSM) has gained significant industrial importance, and hence the choice of a PMSM for this study. For the same output power, the PMSM offers performance enhancement over the conventional induction and synchronous motors in terms of power factor, efficiency, power density, and torque-to-inertia ratio [3] [4] [5] . This justifies the recent concentration of research efforts on the design, analysis, and control of the PMSM. PMSMs with rare-earth PMs are most popular in adjustable speed drives, but the uncertainty in procuring such materials has necessitated several research efforts to utilize ferrite magnets in place of permanent magnets where the ferrites are expected to have competitive power density and efficiency compared to the rare-earth PMSMs for application in such areas as in electric vehicles and hybrid electric vehicles [6] [7] [8] .
Current control of voltage source inverter-fed interior PMSMs has been surveyed and HCC is favored due to its high precision and simplicity [9, 10] . The trend in current control techniques for three-phase voltage source inverters was surveyed in [1, 11] . Specific improvements involving mostly predictive HCC, which offers fixed switching frequencies, are equally researched. Predictive control presents several advantages that make it suitable for the control of power converters and drives including the unique feature of having a variable band [12] [13] [14] .
In the present work, a high performance HCC of a PMSM drive, employing the core advantage of field orientation, was developed and optimized to obtain fast speed response and effective current and torque tracking. The developed model was tested using step and ramp reference speed inputs. MATLAB software was used for the simulation.
Dynamic model of PMSM
The following simplifying assumptions were made to derive the dynamic model of the PMSM in the rotor reference frame.
i. The stator windings are balanced with sinusoidally distributed magnetomotive force (mmf).
ii. The inductance versus rotor position is sinusoidal.
iii. The saturation and parameter changes are neglected iv. The machine has no damping circuits [4] .
Based on these assumptions, the stator qd equation of the PMSM in the rotor reference frame is derived as:
The electromagnetic torque is obtained as:
The rotor dynamic equations are:
and
where v 
Field orientation control (FOC) of PMSM
Field orientation is used to decouple the stator current of the PMSM into equivalent flux and torque producing current components for independent and precise control of torque and flux.
Considering the three-phase current as the input, the three phase currents are:
where ω r is the electrical rotor speed and δ is the angle between the rotor field flux and stator current phasor, known as the torque angle. The q-and d-ax-s stator currents in the rotor reference frame are obtained by transformation as:
Substituting Eqs. (5), (6) , and (7) into Eq. (8):
where i T is the torque-producing component of the stator current and i f is the flux-producing component of the stator current. As shown in Figure 1 , the rotor flux linkage revolves at rotor speed ω r and is positioned away from a stationary reference by rotor angle θ r . The stator current phasor is at angle δ from the rotor flux linkages phasor. FOC is achieved at δ = 90
• , thereby rendering the stator flux current component zero.
Therefore:
Since sin 90 • = 1, i r qs = i s , therefore:
where K t = 
Schematic of the speed-controlled drive system
The complete schematic of the speed-controlled PMSM drive system is shown in Figure 2 All reference or command values are superscripted with an asterisk in the drive diagram. The rotor speed sensed by the speed sensor is filtered by the 1st order low-pass filter to eliminate noise due to the speed sensor, thereby attempting to make the rotor speed as pure as the reference speed. The speed error between the actual rotor speed and its reference (ω * r − ω r ) is processed through the PI speed controller to nullify the steady-state error in speed. The output of the speed controller is the torque reference, which is restricted to an upper and a lower limit by the torque limiter, thereby producing a realistic torque reference T * e . The torque reference T * e is divided by the motor torque constant K t = (13) The parameter ∆ is the hysteresis band that moderates i r * qs as shown in Figure 2 . HCC is achieved through the generation of gating signals by the appropriate firing of the power semiconductor switches S 1 to S 6 of Figure  3 using the control logic detailed below. The drive performance is influenced by the hysteresis window, which determines the extent to which the actual phase currents track the reference values. The narrower the hysteresis window, the more effectively the phase currents tract their respective references and the less the pulsation in torque. The reverse is the case if the hysteresis window is made wide.
Motor and control parameters
The complete drive system is simulated for the motor rated as follows: rated torque, speed, and power = 26 Nm, 3000 rpm, and 11 Hp; stator phase resistance Rs (Ω) = 0. 
Hysteresis current control action and the inverter switching
The selected hysteresis band, delta ∆, is 0.05 except when specified as 0.025 for the purpose of comparison. A reference speed of 200 rpm is set to achieve steady state at about 0.02 s.
The gating signals, v g1 to v g6 , for the six switches of the inverter are shown in Figure 4 . The complementary switching between switches (S 1 and S 4 ), (S 3 and S 6 ) , and (S 5 and S 2 ) are seen in gating signals v g1
and v g4 , v g3 and v g6 , and v g5 and v g2 , respectively. The variation in the switch-on and switch-off time of each of the inverter switches highlights the pulse width modulation nature of the HCC techniques. Figure 5 shows the inverter phase to phase voltage v ab for phase 'a' and phase 'b'. Figures 10 and 11 compare the switching speed of the inverter switches S 1 and S 4 in the inverter first leg as the hysteresis band is varied. It can be seen that the switching speed decreases as the hysteresis band is increased. As a result, the best phase current i a tracking of the reference current i * a is when the hysteresis band is narrowest (i.e. delta ∆ = 0.025). Similarly, the wider the hysteresis band, the poorer the quality of phase current tracking and vice versa, as can be seen in Figures 12, 13 , and 14. The smaller the hysteresis band, the more closely the phase currents represent sine waves. Small hysteresis bands, however, imply a high switching frequency, which is a practical limitation on the power device's switching capability. Increased switching also implies increased inverter losses. 
Drive performance under various speed references
The motor is simulated for speed references obtainable in practical drive scenarios. All the simulations are at the rated load torque (26 Nm) to examine the response at full load. 
7.1.
Step reference speed input (1500 rpm to 3000 rpm to -1000 rpm)
The motor is started at a reference speed input of 1500 rpm at full load stress as shown in Figure 15 . At 0.15 s, the speed reference is stepped up to 3000 rpm, which is the rated speed. At 0.35 s, a negative speed command of -1000 rpm is issued. It is observed that the rotor speed would, after brief transients, catch up and remain at the reference speed in each case of speed change. Figures 16 and 17 respectively show the reference phase currents and the actual phase currents. The phase currents responded to two step speed changes. Figure 18 , using phase 'a' for illustration, shows that the switching frequency increased by 100% as reference speed was stepped from 1500 rpm to 3000 rpm. The actual phase currents effectively track the references. Of specific interest is the nature of phase inversion (reversal) from a-b-c to c-b-a that occurs as speed changes from 3000 rpm to -1000 rpm. The expanded view is shown in Figure 19 . As shown in Figure 20 , during starting, reference torque and the electromagnetic torque equal the maximum set torque capability. This ensures that the rotor runs up in the shortest possible time. As soon as the rotor speed catches up with the reference, the electromagnetic torque and the torque reference settle at the load torque and the rotor cruises at 1500 rpm. At time 0.15 s when speed is stepped up to 3000 rpm, the reference torque again attains the maximum possible torque of 30 Nm. At the instant of step speed change from 3000 rpm to -1000 rpm at 0.35 s, the reference torque attains the minimum value of -30 Nm. As soon as stability is achieved after each case of speed change, the reference torque is restored to 26 Nm, which is the full load torque. 
Ramp reference speed input (0 rpm to 500 rpm to -500 rpm to 0 rpm)
The reference speed input is a ramp rising from zero to a positive input value of 500 rpm and falling back to a negative input value of -500 rpm and then to zero. A combined plot of the reference speed input and actual rotor speed is shown in Figure 21 . As can be seen, ramping provides a gradual speed transition, thereby enabling the actual rotor speed to trace the path of the reference speed input very closely. Unlike in the step input where the reference torque takes its minimum value at the instant of speed reversal, thereby momentarily forcing the electromagnetic torque to a negative extreme, the torque-speed profile during speed ramping as shown in Figure 25 is positive due to the gradual speed transition. Electromagnetic torque and its reference are equal to the load torque at steady state. 
Conclusion
This paper has successfully achieved a high performance HCC of a PMSM drive. The core advantage of vector control by FOC has been used in this work to effectively convert the PMSM performance-wise into an equivalent separately excited DC motor by decoupling the stator current into torque and flux, producing components for independent control of torque and flux.
A complete closed-loop control system employing an outer PI speed controller and an inner hysteresis current controller was implemented to realize this speed-controlled drive. Since torque can be made proportional to current either in the stationary or rotor reference frames and effective control of current gives effective control of torque, speed, and position, the HCC strategy has been used to ensure that the actual motor phase currents tracked their respective sinusoidal references.
The HCC algorithm was developed and employed for the logical firing of the power semiconductor switches of the inverter. Optimization of the control algorithm yielded very fast speed response under full load stress, with the motor attaining a steady state at 0.01 s with minimal torque pulsation at steady state.
Effective tracking in current and torque was achieved, confirming that the control variables are optimal for a wide range of PMSM ratings both for the step and ramp reference speed inputs.
